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ABSTRACT 


Money  is  currently  earmarked  by  Congress  for  laser  augmented  power 
for  satellites.  This  means  that  satellites  that  are  currently  under¬ 
powered  or  have  low  PV  efficiency,  may  be  rejuvenated  by  dosing  them 
with  laser  power  beamed  from  earth.  In  addition.  Solar  Thermal 
Propulsion  schemes  may  be  able  to  use  laser  power  as  an  energy  source 
in  place  of  the  sun  when  the  sun's  energy  cannot  be  collected  or  is 
insufficient.  Such  cases  include  eclipses,  earth's  shadow,  or  other 
occlusions . 

Before  we  can  say  yes  or  no  to  this  multiple  use  of  laser  power,  we 
have  several  questions  that  must  be  answered.  To  answer  these 
questions,  we  performed  some  simple  laser  power  beaming  experiments 
on  existing  solar  thermal  propulsion  hardware.  We  will  compare  these 
data  with  data  we  get  from  strictly  solar  powered  experiments  using 
the  same  hardware.  This  paper  is  focused  on  the  results  from  the 
laser  power  beaming  experiments. 

INTRODUCTION 

Recently  there  has  been  much  emphasis  on  multiple  uses  for  each 
component  or  system.  Multiple  uses  for  a  given  component  or  system, 
reduces  cost  and  risk,  while  increasing  reliability,  responsiveness, 
versatility,  flexibility,  and  reproducibility.  This  fosters 
commercialization,  and  in  turn,  possible  profits  for  privately  owned 
industry.  ^ 

Multiple-use  components  reduce  cost  because  it  is  cheaper  per 
unit/system/component  to  manufacture  many  items  of  one  design  than 
just  a  few.  The  more  units  manufactured,  the  better  the  manufacturer 
understands  the  characteristics,  thereby  decreasing  risk. 
Consequently,  the  greater  the  demand,  the  greater  the  chance  to  test 
under  different  conditions.  This  increases  reliability. 
Responsiveness  increases  because  there  are  more  sources.  The  job- 
shop  for  making  them  is  replaced  by  a  manufacturer.  Reproducibility 
increases  because  the  jigs  are  set  up  for  runs  of  several,  not  just 
for  one.  At  the  same  time,  molds  that  are  slightly  different  but 
within  the  tolerances  of  the  original,  increase  versatility  and 
flexibility. ^ 

In  an  effort  to  use  the  same  component  or  system  in  more  than  one 
device,  and  also  to  find  a  way  to  use  laser  power  for  more  than  one 


1Kristi  Karen  Laug  and  Michael  Ray  Holmes,  Solar  Bi-Modal  Power  and  Propulsion:  Mission  Concept 
Requirements.  1995  Joint  ASME/JSME/JSES  International  Solar  Energy  Conference  Proceedings,  Maui  HI,  19- 
24  March  1995,  Vol  2,  927. 


2  Ibid,  p.  928. 
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component,  the  USAF  is  researching  innovative  advanced  propulsion 
concepts  using  existing  hardware.  One  such  concept  that  may  prove 
highly  competitive  and  efficient  is  solar  thermal  propulsion.  Some 
of  the  components  that  may  lend  themselves  to  multiple  use  and 
commercialization  are  the  following.  Carbon  tubes  may  serve  as  heat 
exchanger  for  us,  and  as  a  high  temperature  spring  for  the  Space 
Shuttle.  Our  thin  film  polyimide  concentrator  materials  may  lend 
themselves  to  tank  bladders.  Some  high  temperature  carbon  materials 
used  in  our  absorber  can  also  be  on  the  SCRAMJET.  See  Figures  1  and 
2.  The  system  may  be  used  for  orbit  maneuvering  or  transfer  (lift, 
hold  and  move)  missions.  Laser  thermal  propulsion  may  also  provide 
high  thrust  mode  for  survivable  maneuvering. 


energy).  Figure  4  depicts  the  differences  between  solar  and  laser 
thermal  input  on  the  same  hardware. 
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Fig . 3 .  Operational 

Concept  Comparison 


Fig. 4  Solar/Laser 
Propulsion  Concept 


This  particular  OL-AC  PL/RKES  design  is  attractive  for  several 
reasons.  It  can  be  used  with  solar  or  laser  thermal  energy  input. 
This  design  with  laser  power  input  will  be  tested  in  the  solar 
furnace  at  Phillips  Lab,  Edwards  AFB  CA,  then  comparing  the  data  with 
data  accumulated  during  testing  in  the  Chemical  Oxygen  Iodine  Laser 
(COIL)  facility  at  Kirtland  AFB  NM.  With  the  laser  power  input,  the 
engine  should  perform  at  high  specific  impulse  and  high  thrust. 


The  goal  of  these  tests  is  to  generate  data  for  thruster  modeling. 
This  engine  will  add  important  data  to  our  repertoire  of  modeled 
engines  at  low  cost  to  OL-AC  PL/RKES.  The  final,  long-term  goal  is 
to  fabricate  and  fly  the  laser  rocket  engine  in  space. 


The  questions  which  must  be  answered  in  order  to  achieve  these  goals 
are:.  Can  current  propulsion  schemes  benefit  from  using  laser  power 
beaming  as  a  supplement  to  defray  the  cost  to  one  group,  and  instead 
spread  the  cost  over  many  users?  Can  a  solar  thermal  propulsion 
system  use  laser  power  as  its  primary  energy  source?  Laser  light  can 
be  focused  much  more  intensely  than  sunlight,  even  after  diverging 
over  hundreds  or  thousands  of  kilometers.  This  means  that  the  solar 
concentrators  may  be  down-sized,  saving  weight  and  therefore  cost. 
Producing  much  greater  thrust  from  the  same  thruster  with  smaller 
concentrators  is  possible.  This  will  allow  faster  trip  times  and 
cost  savings  for  the  customer.  Can  current  facilities  and  personnel 
be  used  to  experimentally  validate  the  concept? 


BACKGROUND 

OL-AC  PL/RKES  participates  in  the  research  and  development  of  a 
wide  range  of  solar,  laser,  and  bi-modal  hybrid  propulsion  systems 
for  use  as  upper  stage  orbital  transfer  vehicles.  We  are  desirous 
of  rendering  those  systems  more  capable  through  the  introduction  of 
advanced  laser  upper  stage  or  orbital  transfer  vehicle  propulsion 
concepts.  We  have  conceptualized,  designed  and  analyzed  innovative 
approaches  for  laser  powered  rocket  engines.  We're  in  the  process  of 
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developing  and  fabricating  one  or  more  dual  laser  and  solar-powered 
rocket  engine  prototypes. 

PL/LXDB  maintains  the  Air  Force  COIL  Facility,  a  state  of  the  art, 
laser-powered  test  facility  with  vacuum  system  capable  of  simulating 
altitude  which  is  required  to  conduct  controlled  testing  of  laser 
usable  hardware.  They  employ  personnel  experienced  in  setting  up, 
troubleshooting,  conducting  and  analyzing  tests  of  lasers.  They 
operate  the  COIL  facility  under  various  conditions  to  test  a  wide 
range  of  hardware.  Equipment  is  kept  in  a  high  state  of  readiness, 
and  personnel  maintain  a  high  degree  of  expertise.  See  Figure  5  for 
a  top  view  of  the  COIL  Laboratory.  Also,  see  Figure  6,  a  view  of  the 
lab  looking  left  and  right  from  the  lower  right  corner  of  Figure  5. 


Fig.  5  COIL  Laboratory  Fig.  6  COIL  Laboratory 
Top  View 

ADVANTAGES 

The  higher  the  temperature  of  the  system  (up  to  the  thermodynamic 
limit  of  the  light  source  (sun  is  5800  K,  laser  is  10 1 s  of  thousands 
K) ) ,  the  higher  the  achievable  specific  impulse. ^  Also,  laser  light 
concentrates  much  more  intensely  than  sunlight,  increasing  Isp. 

High  Specific  Impulse  may  be  achieved;  possibly  1000  sec  using 
hydrogen  gas  (cryogen)  as  the  propellant  or  about  450  sec  using 
ammonia  (storable)  as  the  propellant.  Almost  any  gas  can  be  used  as 
the  propellant:  hydrogen,  ammonia,  hydrazine,  helium,  argon,  etc. 
Only  the  propellant  is  carried  to  orbit.  The  laser  energy  source 
stays  on  Earth. 

Thrust  is  proportional  to  the  collected  laser  or  solar  power.  If 
designed  properly,  the  system  could  work  satisfactorily  in  either 
laser  or  solar  thermal  propulsion  mode.  The  entrance  apertures  of 
the  absorber  can  be  much  smaller  if  operated  in  laser  thermal  mode 
only,  because  laser  light  can  be  focused  to  a  much  smaller  point  for 
the  same  input  power.  The  solar  mode  would  produce  lower  thrust 


3 Michael  Ray  Holmes  and  Kristi  Karen  Laug,  Dependence  of  Solar-Thermal  Rocket  Performance  on  Concentrator 
Performance.  1995  ASME/JSME/JSES  International  Solar  Energy  Conference  Proceedings,  Maui  HI,  19-24 
March  1995,  Vol  2,  pp.  837-848. 
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during  intervals  when  a  laser  ground  station  was  not  in  view.  During 
eclipse,  the  laser  would  allow  continued  thrusting. 

We  can  test  the  solar  mode  of  operation  on  the  ground  using  existing 
solar  thermal  propulsion  facilities  and  hardware.  We  can  test  the 
laser  mode  of  operation  on  the  ground  using  existing  laser  facilities 
and  hardware.  Short  range  tests  of  a  few  meters  are  all  that  are 
required.  The  existing  PL/LIDB  10-20  kW  (maximum  power)  laser 
facility  (Chemical  Oxygen  Iodine  Laser-COIL)  can  be  coupled  directly 
with  the  OL-AC  PL/RKES's  RVCC  to  determine  achievable  propellant 
temperatures.  A  concentrator  could  be  added  to  focus  light  in  the 
RVCC  for  a  longer  range  test  in  the  future.  Beam  divergence, 
deflection,  and  attenuation  over  a  few  thousand  meters  would  simulate 
space  conditions. 

There  are  some  unknowns  that  need  to  be  resolved  before  longer  range 
tests  can  be  attempted.  For  instance,  is  continuous  power  available 
now  or  will  it  be  available  soon  in  the  10-2  0  kW  power  range?  To 
design  the  concentrators  we  need  tKnow  the  beam  divergence  and  laser 
beam  width.  We  need  to  perform  mission  analyses  to  direct  the 
technology  development. 

Solar  thermal  propulsion  can  perform  the  LEO  to  GEO  mission  in  a 
minimum  of  10  days.  With  a  laser  thermal  propulsion  system,  the  trip 
time  should  be  at  least  as  short  if  not  shorter  because  of  the  higher 
potential  thrust. 


DISADVANTAGES 


Laser  thrust  is  available  only  when  the  spacecraft  is  sufficiently 
above  the  laser's  horizon  for  the  beam  to  propagate  reliably. 
Multiple  laser  sites  will  be  required  for  some  missions.  The  upper 
limit  in  effective  exhaust  velocity  is  determined  by  material 
limitations.  The  upper  limit  in  thrust- to-weight  ratio  is  determined 
by  total  power  delivered  to  the  thruster.  Concentrators  will  be  as 
large  as  or  larger  than  the  beam  spot  size  only  close  to  LEO.  This 
spot  size  grows  with  increasing  distance  from  Earth.  Laser  pointing 
must  be  very  precise,  and  adjusted  for  atmospheric  refraction. 


Operation  is  limited  by  how  low  a  laser  beam  can  be  pointed  before 
atmospheric  extinction  reduces  the  transmitted  power  excessively.  In 
LEO  the  spacecraft  will  be  in  range  of  the  ground  station  only  for  a 
couple  of  minutes.  (Laser  beam  power  is  one  over  distance  squared 
from  the  ground  station  or  1/r2).  The  beam  concentrating  optics  will 
be  sized  to  get  the  required  power  at  the  most  extreme  operating 
distance.  At  GEO,  the  intensity  could  be  low,  but  still  possibly 
greater  than  one  sun.  Adaptive  optics  (required  to  get  minimal 
divergence)  directs  much  laser  energy. 


DESCRIPTION  OF  CONCEPT 


A  laser  thermal  propulsion  system  would  probably  consist  of  one  or 
more  ground  based  lasers  trained  on  the  concentrators  of  a  regular 
solar  thermal  propulsion  system.  The  solar  thermal  propulsion  system 
consists  of  two  primary  concentrators,  one  or  two  thruster (s), 
propellant  tank,  controls,  sun- tracking  system,  and  other  associated 
hardware.  Sunlight  or  laser  light  is  collected  and  focused  through 
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may  be  further  efocusedflby  second lm&rY  concentrators  •  The  energy 
energy  is  then  absorbed  by  the  p?SSluaat°  via0^0^  *  Jhe  thermal 
propellant  expands  throucrh  ?v°P  11  ,v  .  heat  exchanger.  The 
producing  thruTt .  Thete  Js^o  icnitiSnT18^  n°zzle  <s  > '  therebj 
propellant  and  no  oxiSerSis°usegdf4ti0n  ^  Combustioa  of  the  hydrogen 

Concentrators  have  two  degrees  of  fr^orir^m 
power  reception  end  thrust  simultaneously  °  to  all°“  for 

required  to  put  the  center  of  mass  on  tL  «-h  -  c°.ncentrators  are 

spacecraft  could  be  operated  in  a  sola^  ^  h  i  line  30  that  the 
Only  one  of  the  two  mirrors  needs  to  hi  t^e3fmal  Propulsion  mode.  6 
are  other  configuration  variations  that  £1*1  “  ^Ser  mode‘  There 
may  be  determined  by  mission  remiilSll  “  Y  _be  considered.  The  size 
laser  intensity.  quirements  for  thrust  and  available 

EXPERIMENTS 

laser  hardware  description 

hySogln  pe^idfi’n  =hl.°riaa  ***  (C12>  1th 

iodine  atoms  in  the  grluul  pl?§an'  in  tha  ^  Orator, 

magnetic  dipole  state  as  defined  in  Equation  1  be!owStl”Ulated  t0  tte 

5l2P1/2=5i  P3/2 

*  U) 

thr^odinethLl!cSsl1Vldltilg  °SJea0  molecales  are  collided  with 
reaction  in  the  Chemical ^gen-^odinl  L^tco?^  laaer  c**Hcal 
is  nominally  rectancrnl  -j-n  _vi  (COIL)  «  The  COXL  heam 

a  side.  The  ro^Tas  focused  fn  a^r°*i“ately  165'1  *“  <6-S  iniiS 
the  PL  RVCC  cavity.  through  a  rectangular  aperture  of 

TEST  HARDWARE  AND  SETUP  DESCRIPTION 
The  RVCC  cavitv  is  l on  k  mm  m  r 

is  approximately  457  2  mm  fl8  -in  t***  nominal  internal  diameter.  It 
25.4  mm  (1  in.  J  di^Lrat  the  th^  le^th-  Ifc  ^^erges  down  to 
™  (8  in.)  stainless  steel  plpl  and  l  Thf  RVCC  is  made  of  a  203.2 
mm  (10  in.)  stainless  steel  pipe  and  Sa  ^ C3P  nested  inside  a  254 
is  a  2  03.2  mm  (8  in.)  to  254  mm  fin  •  e.end  cap*  At  the  other  end 

the  two  Pipes.  The  seams  are  aTl  ie  ded  Pipe  cap- 

helix  around  the  outside  ^  t-Zt  we  iced.  Long  fins  were  welded  in  a 

flow.  See  Pigle  t  RetictLt^  -pipe'  to  direct  cooli“3  »ater 
carbide  discs  are  pushed  in  t-hroi  ^V1^e°US  cart>on  and/or  hafnium 

(which  is  removable)  a  specified  distance.6  Se7  Figure  *** 


Joint  Army  Navy  NASA  Air  Force  Prot ulTiol Cotferenc11  1 thP'  A'F  F°rCe  Asfrnnautifi>  Laboratory.  1989 

515,  Vol  1,  pp.289-324  P  S,0n  C°nference  Proceedings,  Cleveland  OH,  CPIA  Publication  Pub. 

5Ibid. 

7K°i.TmSff^ S"li,r  ""  '•—r  rnmmm t.  PP  837-848 


i 

mi 

i  2$S5§SSS333 

*  '■  ■'  ,  M«ijh,WKW»»^ 


Fig.  7  RVCC  Assembly- 
Schematic 


Fig.  8  RVCC  Disc 

Installation 


Helium  propellant  enters  the  front  of  the  cavity  (annular  cross 
section)  through  a  tube.  It  is  held  inside  the  cavity  behind  the 
quartz  window.  The  helium  propellant  exited  the  opposite  end, 
through  a  tube  to  a  heat  exchanger  through  which  flowed  a 
silicon/water  mixture  (1325  ml  silatherm  in  120  sec)  at  approximately 
-30  °C  (-22  °F). 

There  are  14  sealed  thermocouple  ports  inserted  through  the  double 
walls  of  the  RVCC,  2  each  station,  180  degrees  apart,  axially.  There 
are  12  Type  C  (2  6%  tungsten/5%  rhenium)  thermocouples  inserted  into 
the  instrumentation  ports  along  with  one  pressure  transducer.  Seven 
"stations"  were  designated.  The  stations  served  as  positioning 
locations  for  the  wafers.*  Two  types  of  wafers  were  inserted:  carbon 
(C),  and  hafnium  carbide  chemical  vapor  deposited  (CVD)  on  carbon 
blanks  (HfC)  .  The  wafer  porosity  ranged  from  10  to  100  ppi.  The 
test  matrix  pitted  the  wafer  porosity  against  type  against  power 
rating  as  a  minimum.  We  used  a  statistical  design  of  experiments 
method  to  determine  our  test  matrix.  It  was  loosely  based  on 
Taguchi 1 s  Design  of  Experiments.®  Our  design  mapped  out  many  more 
parameters  and  variables  than  was  practical,  using  Taguchi1 s  methods. 
See  the  paragraphs  below  for  more  information. 

The  12  Type  C  thermocouples,  three  pressure  transducers,  and  one 
resistance  temperature  device  (RTD)  were  augmented  by  a  Dynamics  7200 
signal  amplifier.  Then  the  data  was  sent  to  a  486  chip  computer  which 
ran  the  data  acquisition  software  which  was  written  in-house  by 
PL/LIDB  personnel. 

The  following  Figures  9,  10,  11,  and  12,  are  of  the 
evacuated/baked/ lased  wafers.  In  order  to  deal  with  the  rectangular 
laser  beam,  we  had  to  insert  an  aperture  in  front  of  the  wafers. 


8Tom  Zlebek,  ITT  Statistical  Programs  Group  Presentation  of  Taguchi  Methods,  19-26  Feb  1991,  based  on  Dr. 
Genuchi  Taguchi’s  Design  of  Experiments. 


Fig.  9  Aperture  Plate  Only 
With  Type  C  Thermocouples 

P  iro  t  uru  d  i  ng 


Fig.  10  Wafer  Inserted  Behind 
Aperture  Plate  After  Lasing 


Fig.  11  Same  Wafer  as  Fig.  10 
After  removal  from  RVCC 

ASSUMPTIONS 


Fig.  12  Same  Wafer  as  Fig.  11 
Reverse 


During  the  summers  of  1994  through  1995,  the  Solar  Propulsion  Group 
at  .  PL/RKES  worked  on  designing,  fabricating,  and  testing  the 
Reticulated  Vitreous  Carbon  Calorimeter  (RVCC)  as  a  solar  and  laser 
test  bed.  First,  we  tested  the  HfC  and  C  discs  for  porosity,  coating 
density,  coating  deposition,  water  content,  cracks,  and  appearance. 
We  eventually  had  to  assume  the  wafers  would  withstand  the  rigors  of 
testing  in  laser  or  solar  thermal  input  power.  We  baked  and 
evacuated  the  wafers  prior  to  testing." 

METHOD 

DESIGN  OF  EXPERIMENTS 

The  Taguchi  Design  of  Experiments  method  was  chosen  as  a  basis  for 
determining  the  test  matrix,  and  the  individual  tests  that  would  be 
performed. 

TEST  MATRIX 
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Table  1.  As  Completed  Laser  Power  Beaming  Test  Matrix 
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:  Laser  Test  # 
j  1 

i  Batch 
j  1 

Power  (kW) 
10 

Time  (sec) 
120 

1  Energy  (MJ) 

1 

i  Remarks 

24 

17 

. 39 . 

16 

33 

2 

.  4 

5 

2 

8 

8 

. 6 . . 

480 

240 
. 480 

:  1 

4 

_ 2 

n 

•  O 

6 

7 

3 

8 

6 

240 

480 

2 

:  3 

30 

4  | 

L . 8  ! 

. 3* . j 

[ . 4 .  j 

. 6  i 

. 480 

: 

40  j 

12  j 

5 

io  i 

20  j 

. 120  . j 

60 

!  1  . . . j 

i  i 

i  i 

8 

31 

. . 10  j 

'll . j 

R  * 

10  j 

_  120  j 

not  completed 

10 

9  | 

u 

b  i 

8  i 

480  j 
240  1 

3  1 

2  i 

SHORTCOMINGS 


The  test  matrix  is  imperfect  , 

Design  of  Experiments,  there  were  supposed frn  T*  based.  on  Taguchi ' s 
parameters  that  were  grouped  conside-?f^d  fc a.sPecific  number  of 
experimental  design  process  The  iflea  '  varied  as  part  of  the 

tests,  while  increasing  ?he  t0-  shorten  the  number  of 

relationship  to  other  tests  Thi?  ab°at  each  test'  and  its 

of  information  per  test  that  will  ^  supposed  to  cover  several  items 
from  the  other  tests  If  the  nSSr C°rrelate  other  sets  of  data 
of  the  possibilites,  the  matrix  size  pa^rameters  grows  to  cover  all 
impossible  to  determine  the  ANOVA  tableS10UnW1?ldy;>l  Xt  becomes 
lessened,  the  matrix  becomes  suspect  This  *•} »  +  \  the  number  is 

There  were  so  many  variables P  and  bat  hapPened  to  ours, 

parameters  list  which  direS^  affects  ?he  T  coasid^tions,  the 
(signal  factors  and  noise  fac?orlf  and  °Utpat  became  very  lar^ 
correlate  to  get  .  a  realistic  orth^Li  d  seemingly  impossible  to 

to  combine  some,  making  the  results^ess  fifray'  ■  Therefore/  we  had 
for  sample  test  outlines.  sults  less  than  optimum.  See  Figure  13 


Experiment  Y  »5i.  Y  132.  Y  153.  Y  15*  Y  IM,  Y  ,M.  y  ,57.  y  ^ . y  1S27 


Set  A- 1- Door  Height-  half  r  ... 

B*  Propellant  Pr-w^jr— 

C-3-Propollant  rkenu.  6  gp* 

D-2-Por*  Size-  40  Pfm 

F-2-5UckedW.f.,H-,,hu  2  in 

&■  2 -Ejector  Pree»-o  100  pu 

I-2-Time  ofDay  forTaai.  13 JO  pm 
K-I-Maiarial.  carboa 

N-3-S*Mon.wi«Ue 

O-  Ai  r  Tern  per.  ixrt 
P- Water  Twnpararura 

AA-W^er,  aingla  or  combo  Ugat  aucked  h*.ght 
“■  from 

AD-Vrindapewi 


Note  on  OPERATIONS  REPORT aa  a  minimum. 
Q-neuum  Tern  per.  fur* 

«*'«'**  on  Concentre  ter 
5-Width  of  Concentrator  Dwtributioc 
T- Height  of  Con  cent™  tor  Input 
U«  Wafer  Cdo, 

V-NIP  Reading 

X- Propel Unt  (WET. fl  TV) 

Y-2-Wafee  PI Kncnent-  tr—ard  rear 
2-Therm exou pie  Reeding  at  «d>  .tation 


time  this  atack  uwd 


Erp*n'mwt  Y  Y  W*.  V  183.  Y  1M.  Y  195.  Y  199,  Y  167.  Y IM, ... .  Y  1627 


Set  A-  1-Door  Height-  half  open 
B  -  Propel!  an  t  Preaaurea 
C- 1- Propellent  Flow™ to-  1  gp» 

D-l-PoreStr*-  20  ppi 
F-3-Staoked  W’afer  Height-  3  \fZ  in 
C- 2- Rector  Prwwr*.  100  pai 
I- 1-Time  of  Day  for  Teat.  l  L"30  .m 
K- 1- Material,  carbon 

N - 1  - SfMOfl.  epring 

0-Air  Temperature 
P-Waier  Temperature 

AA-Wa/eta  tingle  or  combo  to  get  .tacked  height 
AC-Same  wafer  oombotnd  order  or  different  from  Jut 
AD-Windapeed 

p, 


Note  on  OPERATIONS  REPORT  a.  a  minimum 
Q-Helium  Temperature 
R-Heboatat  covemg.  on  Con  cent™ tor 
S- Width  of  Con oent™ tor  Diatribution 
T-Height  of  Concentrator  Input 
U-Wa/er  Color 
V-NIP  Reading 

W-2-Thermo Placement-  centered  on  wafer* 
Wafer  Placement-  toward  mu 

X-Propellant  (HELIUM. 

2. Thermocouple  Readinga  at  each  aUtion 
AB-2-Skinnieat  wafer  poaition-  rear  of  e tack 
bme  thia  aUck  uaed 


?0=<] 


Fig.  13  Two  Experimental  Placements  of  Wafers  for  Specific 
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This  test  matrix  was  shortened  from  the  much  larger  solar  test 
matrix.  We  originally  thought  we  could  perform  approximately  30 
different  experiments  for  a  total  of  about  64  MJ.  However,  only  12 
experiments  were  completed  for  a  total  of  2  6  MJ,  or  less  than  half 
There  were  several  reasons  for  this.  One,  the  COIL  peak  power  was 
less  than  expected  for  the  test  time  duration.  Also,  their  pump  did 
not  work  as  well  as  expected,  and  they  had  some  pressure  surging 
causing  problems  with  their  optics  (7.2  +  /-  0.1%  loss  through).  They 

couldn't  pump  enough  BHP  through  to  maintain  power  tKeep  the  BHP 
cool . 

OPERATIONS 

We  inserted  each  wafer,  or  group  of  wafers  depending  on  the  test 
matrix,  into  the  RVCC  cavity.  Then  we  tested  them  in  the  PL/LIDB 
COIL  at  power  ranging  from  1  kW  to  12  kW,  from  8  min.  to  2  min., 
respectively.  ' 

DATA 


We  got  good  data  from  4  shakedown  tests  and  12  actual  tests.  The 
foUowing  pictures  are  representative  of  all  the  tests.  Fig.  14  shows 
the  total  absorbed  average  power  absorbed  into  the  wafers.  Fig.  15 

is°aboute30 °tal  re~radiated  P°wer  on  average.  The  reradiation  loss 


CONTOUR  FROM  12.5  TO  37.5  BY  2.5  CONTOUR  FROM  1280  TO  1640  BY  40 


Fig. 14  Re-Radiated  Power  Fig.  15  Temperature 


RESULTS / CONCLUSIONS 

The  reradiation  that  occurred  can  be  lessened  by  adding  a  secondary 
“  im^ang  concentrator  in  front  of  the  heat  exchanger  apertur? 

US  t0  rfduc.e  the  diameter  of  the  heat  exchanger 
aperture  to  reduce  reradiation.  At  the  same  time  the  primary 
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concentrator  will  have  a  larger  target  for  which  to  aim:  the  larger 

entrance  aperture  of  the  secondary  concentrator . ^2 

At  this  point,  let  us  revisit  the  questions  posed  at  the  beginning 
of  this  paper.  Can  current  propulsion  schemes  benefit  from  using 
laser  power  beaming  as  a  supplement  to  defray  the  cost  to  one  group, 
and  instead  spread  the  cost  over  many  users?  Laser  power  beaming  did 
not  destroy  the  wafers,  although  they  were  damaged.  The  laser  did 
heat  the  wafers,  which  in  turn  imparted  thermal  energy  to  the  working 
fluid.  It  is  too  early  to  say  whether  the  cost  will  be  lessened. 
There  aren't  enough  users  at  this  time  to  make  that  determination. 
Can  a  solar  thermal  propulsion  system  use  laser  power  beaming  for  its 
primary  energy  source?  It  appears  this  possible.  We  have  been 
invited  back  when  PL/LIDB  upgrades  their  facility  to  higher  power  and 
increased  test  duration.  We  need  more  information.  Can  current 
facilities  and  personnel  be  used  to  experimentally  validate  the 
concept?  Yes.  Next  test  battery  we  will  finish  the  test  matrix. 

SUMMARY 


This  experiment  affords  a  good  opportunity  for  OL-AC  PL/RKES  to 
demonstrate  a  new  thermal  rocket  engine  design  for  potential 
customers.  At  f ^ ~  most  of  the  data  is  unreduced.  When  the 
data  is  reduced,  it  will  provide  the  basis  for  a  detailed  engineering 
assessment  of  a  second  generation  thruster  based  upon  anticipated 
commercial  user  needs.  This  assessment  will  increase  understanding 
of  OL-AC  PL/RKES 1 s  design  approach  in  applying  available  materials 
for  ‘in-depth1  laser  energy  coupling.  Finally,  this  will  permit  us 
to  gain  engineering  insight  into  commercial  user  needs  and  synergism 
with  potential  users. 

OL-AC  PL/RKES  hopes  to  determine  the  feasibility  of  this  engine  for 
our  own  purposes.  Later,  after  our  RVCC  is  tested  with  sunlight,  the 
database  will  be  updated  with  the  best  RVC  thruster  design  for  our 
specific  requirements . ^  We  want  increased  Isp,  increased 
efficiency,  increased  thrust,  and  increased  chamber  temperature  above 
what  our  rhenium  tube  cavity  thruster  was  able  to  attain. 
Eventually,  one  of  these  engines  will  undergo  exhaustive  reliability 
and  maintainability  testing  at  flight  conditions  in  preparation  for  a 
space  flight  test  mission  from  Low  Earth  Orbit  (LEO)  to 
Geosynchronous  Equatorial  Orbit  (GEO) . 
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